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ABSTRACT  
Previous approaches for improving the efficiency of incandescent light bulbs (ILBs) have relied on tailoring the emitted 
spectrum using cold-side interference filters that reflect the infrared energy back to the emitter while transmitting the 
visible light. While this approach has, in theory, potential to surpass light-emitting diodes (LEDs) in terms of luminous 
efficiency while conserving the excellent color rendering index (CRI) inherent to ILBs, challenges such as low view factor 
between the emitter and filter, high emitter (>2800 K) and filter temperatures and emitter evaporation have significantly 
limited the maximum efficiency. In this work, we first analyze the effect of non-idealities in the cold-side filter, the emitter 
and the view factor on the luminous efficiency. Second, we theoretically and experimentally demonstrate that the loss in 
efficiency associated with low view factors can be minimized by using a selective emitter (e.g., high emissivity in the 
visible and low emissivity in the infrared) with a filter. Finally, we discuss the challenges in achieving a high performance 
and long-lasting incandescent light source including the emitter and filter thermal stability as well as emitter evaporation.  
Keywords: Incandescent lighting, selective emitter, selective filter, nanophotonic filters, thermal stability, emitter 
evaporation  
 
1. INTRODUCTION  
It is estimated1 that around $34 billion were spent in 2016 on electricity for lighting in the residential and commercial 
sectors in the United States. Despite incandescent light bulbs (ILBs) being much less efficient than light-emitting diodes 
(LEDs), they were still found in 82%2 of households in the United States in 2015 as opposed to 28% for  LEDs. ILBs, 
although inefficient due to dominant emission at infrared wavelengths, are cheap and offer the best possible color rendering 
index (CRI; metric of how faithfully a light source reproduces colors of an illuminated object in comparison to an ideal 
light source such as a blackbody or the sun) of 100, superior to any other light source in terms of quality of light. In 
comparison, more expensive LEDs with luminous efficiencies (metric of how efficiently a light source produces visible 
light, as specified by the human eye sensitivity curve3) five to ten times higher than ILBs, have a lower CRI (typically in 
the 70s-90s)4 resulting in a lower quality of light. By improving the efficiency of ILBs through better spectral control of 
the emission spectrum high performance lighting with perfect CRI, competitive with LEDs, could become a reality.  
Improving the efficiency of ILBs is typically achieved by reducing infrared emission by surrounding the emitter with 
selective cold-side filters that transmit visible light but reflect infrared radiation back to the emitter. This approach reduces 
emission at infrared wavelengths while maintaining light emission at visible wavelengths where the human eye is sensitive. 
Extensive work has been published in the literature since it was first introduced in 19125. Different types of optical filters 
were proposed such as silver films with TiO2 antireflection coatings6–10, multilayer dielectric films (Ta2O5-SiO211–17 or 
TiO2-SiO218), indium tin oxide (ITO) films19 and metallic photonic crystals20. Ta2O5-SiO2 multilayer films were found to 
offer the highest temperature stability and performance (luminous efficiency and CRI) for their application in ILBs. Several 
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bulb or filter geometries such as cylindrical5,11–13,17,18,20, spherical6–10,19,21,22, ellipsoidal10,14,15 and planar16 were also 
explored to maximize the amount of infrared radiation recycled back to the emitter, minimize hot-spots on the emitter and 
reduce fabrication complexity. Although extensive literature has been published on infrared recycling for ILBs, only 
limited energy savings (maximum experimentally demonstrated energy savings of 51% compared to traditional ILBs7) has 
been achieved because of non-idealities in the filter, emitter and geometrical alignment.   
In this work, we first model the role of non-idealities in the filter and emitter optical properties as well as in the view factor 
between the emitter and filter for a planar system16. A planar system, presented in Section 3.1, is used throughout this work 
as it allows for easier fabrication of the emitter and filter. Based on the results of this analysis, we propose a novel approach 
to improve the luminous efficiency of the incandescent light source by using selective emitters and filters, and validate it 
with theoretical and experimental results. Finally, we discuss challenges and future directions to achieve high performance 
and long-lasting incandescent lighting with the current planar geometry. 
 
2. ROLE OF NON-IDEALITIES ON THE PERFORMANCE OF INCANDESCENT LIGHT 
BULBS WITH INFRARED FILTERS 
We have developed a model to quantify the emission spectrum of the light source for a system featuring a planar emitter 
and filter separated by a spacing S. We find the effective emissivity of the system εeff16 by accounting for reflections 
between the emitter and the filter, transmission through the filter and emission through the side gaps:  
 
  =   
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where ε is the emissivity of the emitter, F is the view factor between the emitter and the filter, and R and T represent 
reflectivity and transmissivity of the filters respectively. The luminous efficiency η of the light source can then be 
calculated by weighting the emission spectrum with the human eye sensitivity curve V(λ)3 and dividing by the total power 
consumption. For simplicity, only the total emissive power is considered for the total power consumption in the definition 
of the luminous efficiency.   
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Equations (1) and (2) are used in the following sections to evaluate the influence of non-idealities in the filter, emitter 
and geometry (view factor) on the luminous efficiency of the system.  
 
2.1 Non-idealities in the filter (R, T) 
We first investigate the influence of non-idealities in the optical properties of the filter on the luminous efficiency (Figure 
1). We model a system consisting of a tungsten emitter at 2800 K coupled with a filter of reflectivity RIR in the infrared 
and transmissivity TVIS in the visible. Absorption in the filter is assumed to be negligible and a view factor F = 0.95 is 
imposed between the emitter and the filter.  
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Figure 1. Influence of non-idealities in the filter (reflectivity RIR in the infrared and transmissivity TVIS in the visible) on the 
luminous efficiency of the light source. The tungsten emitter at 2800 K is radiatively coupled to the filter with a view factor 
F = 0.95. 
 
As shown in Figure 1, increasing RIR increases the luminous efficiency due to an increase in the infrared radiation reflected 
back to the emitter by the filter. Similarly, as we increase TVIS, more visible light is transmitted through the filters which 
translates to higher luminous efficiency. However, we find that the maximum luminous efficiency is only 10.1% when 
using an ideal filter (i.e., RIR = 1; TVIS = 1), far from the theoretical maximum of 39.6% for a blackbody at a similar 
temperature truncated to the visible spectrum only (400-700 nm). This significant difference between the two cases arises 
because of the view factor F < 1 used in Figure 1, causing a fraction of the infrared radiation to escape the system through 
the gap between the emitter and filter after each reflection. While the optical properties of the filter can be optimized, we 
show that only limited luminous efficiencies can be achieved with a typical tungsten emitter and view factor.  
 
2.2 Non-idealities in the emitter (ε) 
Next, we look at the influence of non-idealities in the emitter on the performance of a light source. More specifically, we 
show in Figure 2 the influence of the visible (εVIS) and infrared (εIR) emissivity of an emitter with no filters on the luminous 
efficiency. Low emissivity in the infrared leads to higher efficiency due to smaller emission at undesirable wavelengths. 
However, higher emissivity in the visible allows for more visible light output at a same emitter temperature, thus higher 
luminous efficiencies. Figure 2 shows that very high luminous efficiencies can be achieved using a well-designed selective 
emitter. However, challenges associated with reducing εIR and thermal stability at incandescent temperatures make the use 
of a selective emitter alone impractical.  
 
Figure 2. Influence of the emitter emissivity in the visible (εVIS) and infrared (εIR) at 2800 K on its luminous efficiency.  
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2.3 Non-idealities in the view factor (F) 
Finally, we demonstrate the influence of view factor between the thermal emitter and filter on the luminous efficiency of 
the system. We show in Figure 3(a) the view factor F as a function of spacing between the emitter and filter, both of size 
6 mm x 10 mm. For reference, the size of the emitter is equivalent to a 120 W ILB in terms of emitted lumens. In practice, 
it is difficult to achieve F > 0.95 (or spacing < ~100 µm) because of emitter sagging and deformation that can result in the 
emitter contacting the filter.  
We plot in Figure 3(b) the luminous efficiency of a tungsten emitter coupled with an ideal filter (TVIS = 1; RIR = 1) as a 
function of view factor. We show that most gains in efficiency occur for F > 0.95 and that the maximum luminous 
efficiency occurring for F ≤ 0.95 with an ideal filter is limited to 10.1%, far from the theoretical maximum of 39.6 % 
(F = 1). Because tungsten has a relatively low emissivity in the infrared at incandescent temperatures (~0.3), over 16 
reflections between the emitter and an ideal filter will occur before 95% of the infrared radiation is reabsorbed by the 
emitter, thus highlighting the importance of the view factor on the luminous efficiency. Since near-perfect view factor is 
difficult to achieve, a different approach to what has previously been done (tungsten emitter surrounded with cold-side 
filters) should be explored if luminous efficiencies competitive with LEDs are to be achieved.  
 
 
Figure 3. (a) View factor as a function of emitter-filter spacing for a 120 W ILB equivalent emitter size (6 mm x 10 mm). (b) 
Luminous efficiency as a function of view factor for a tungsten emitter combined with an ideal filter (TVIS = 1; RIR = 1). Most gains 
in efficiency occur at F > 0.95. 
  
2.4 Combined selective emitter and filters 
One approach that could minimize the effects of non-idealities in the filter properties and view factor could be to combine 
a selective emitter with the filter. We demonstrate in Figure 4 the luminous efficiency of a selective emitter coupled with 
a non-ideal filter (RIR = 0.9 and TVIS = 1) at a view factor of F = 0.95 as a function of the selective emitter optical properties 
εVIS and εIR. We observe that even with a non-ideal view factor and filter, we can achieve luminous efficiencies of up to 
39.6%, which is six times higher than achieved for a tungsten emitter (W; 6.5%). We also show that if we increase the 
emissivity in the visible εVIS of the typical tungsten emitter (W) to εVIS = 1 (SE; e.g., by coating the tungsten with an 
antireflection coating) while maintaining εIR constant, we can nearly double the luminous efficiency from 6.5% to 12.5%. 
By reducing εIR or increasing εVIS of the emitter compared to a tungsten emitter, we have shown that important gains in 
efficiency could be achieved even with a non-ideal view factor and filter. In the next section, we experimentally 
demonstrate the benefits of this approach. 
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Figure 4. Luminous efficiency of a selective emitter coupled with a filter (RIR = 0.9 and TVIS = 1) as a function of εVIS and εIR. 
 
3. COMBINING SELECTIVE EMITTER AND FILTERS  
3.1 Experimental procedure 
To validate our proposed approach, we experimentally compare the emission spectrum and the power consumption of a 
tungsten emitter and a selective emitter, combined with the same nanophotonic filter (Figure 5(a)) with an equal view 
factor.  
For simplicity, our selective emitter was made by coating a tungsten emitter with a high-temperature-stable23–25 HfO2 
antireflection coating to increase its emissivity in the visible spectrum as was proposed in Figure 4. An optimized film 
thickness of around 55 nm was determined using Fresnel equations at normal incidence to maximize luminous efficiency. 
The optical properties of the bare tungsten emitter and the selective emitter are shown in Figure 5(b), measured using a 
UV-visible spectrophotometer (Carry 6000i).  
The emitter was sandwiched between a pair of planar nanophotonic filters which were held by copper supports for efficient 
heat dissipation and precise alignment (Figure 5(c)). The emitter was fixed to custom molybdenum electrical feedthroughs 
for high temperature resistive heating. The whole assembly was located inside a bell jar vacuum chamber (Kurt J. Lesker) 
and maintained at pressures <10-6 Torr to minimize contaminants such as residual water vapor that could react with the 
emitter at high temperature. Outside the vacuum chamber, a spectrometer (USB4000 Ocean Optics) was used to measure 
the emission spectrum of the light source. A power supply (E3632A Agilent) was used to resistively heat the emitter and 
a multimeter (2000 Multimeter Keithley) measured the emitter resistance using a four-point measurement technique.  
A COMSOL model was developed to correlate the measured emitter resistance to its temperature. Inputs to the COMSOL 
model were the emitter geometry and temperature dependent tungsten total hemispherical emissivity and electrical 
resistivity. 
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Figure 5. Details of experimental setup. (a) Optical properties of the nanophotonic filter16 consisting of 90 alternating layers of 
Ta2O5 and SiO2 on a 1 mm thick fused silica substrate. (b) Emissivity of the tungsten emitter and the selective emitter (HfO2 coated 
tungsten). (c) Main components of experimental setup.  
 
3.2 Results 
The experimental setup allows us to compare the emission spectrum and power consumption of three different 
configurations (tungsten emitter only, W; tungsten emitter with filters, W + Filters; selective emitter with filters, Coated 
W + Filters) and compare their performance.  
We first measure the emission spectrum of the three different systems to evaluate the relative improvements of adding a 
selective filter and emitter. In Figure 6, we show the spectral intensity ratio r of each system where the emission spectrum 
of a bare tungsten emitter (W) is the reference. Consequently, the spectral intensity ratio of W is represented as a line at 
r = 1. We observe that adding filters to a tungsten emitter (W + Filters) can significantly suppress the emission in the near 
infrared without any reduction in the visible light emission where the human eye is sensitive. In our proposed approach, 
we further show that by replacing the tungsten emitter with our selective emitter (Coated W + Filters), we maintain the 
low emission in the near infrared, but the emission of visible light is nearly doubled due to the higher emissivity of the 
emitter at visible wavelengths. By using an appropriately designed selective emitter, these results suggest that higher 
luminous efficiencies can be achieved.  
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Figure 6. Experimental spectral intensity ratio r of three different systems – bare tungsten emitter (W), tungsten emitter with filters 
(W + Filters) and HfO2 coated tungsten emitter with filters (Coated W + Filters), taken with respect to the emission spectrum of a 
bare tungsten emitter. Spectra were measured at temperatures between 1800 K and 2200 K to maximize the emission at short 
wavelengths. An average experimental error (instrumental and precision error) of 0.04 on the spectral intensity ratio was calculated 
for the range of wavelengths plotted. 
 
Next, we compare in Figure 7 the power consumption of the emitter as a function of temperature for the three systems to 
evaluate the improvement in efficiency when using a selective filter and emitter. We account for the difference in visible 
light emission, demonstrated in Figure 6, by normalizing the power consumption by the number of lumens emitted from 
the light source. Up to 50% energy savings can be achieved by adding filters to the tungsten emitter (W + Filters), in 
comparison to the reference case of a tungsten emitter (W). However, when using the HfO2 coated tungsten emitter with 
the same filters (Coated W + Filters), up to 67% energy savings are demonstrated, which represents a 34% improvement 
over the previous approach to use a tungsten emitter with selective filters (W + Filters). By combining a simple selective 
emitter with selective filters, we have experimentally demonstrated important improvements in efficiency over previous 
approaches (W and W + Filters), thus validating our approach and modeling.  
 
Figure 7. Comparison of the power consumption as a function of emitter temperature for the three systems studied (W, W + Filters, 
Coated W + Filters). The power consumption is normalized by the number of emitted lumens to account for the different visible 
emissivity of the emitters.  
 
While the experimental demonstration showed that using a simple selective emitter could lead to significant energy 
savings, even better performance could be achieved by using better selective emitters and filters. Figure 4 showed that 
using better selective emitters and filters, luminous efficiencies surpassing that of current LEDs while maintaining high 
CRI is possible. The development of high performance selective emitters could pave the way for high efficiency 
incandescent lighting competitive with LEDs. However, several challenges such as thermal stability of the emitter and 
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filter as well as evaporation of the emitter on the filter need to be addressed before we can achieve a high performance and 
long-lasting incandescent lighting with selective emitter and filters.  
 
4. CHALLENGES AND FUTURE DIRECTIONS 
4.1 Temperature stability of the filter 
Due to the high radiative heat flux at the filter due to the thermal emission from the emitter (~106 W/m² at 2800 K), any 
absorption within the filter will cause its temperature to rise. We can also expect that owing to the planar geometry of the 
studied system, the filter temperature will increase as the view factor is increased (i.e., when the spacing between the 
emitter and the filter is decreased), because of a higher radiative heat flux on the filter. While we want to maximize the 
view factor to maximize the luminous efficiency of the system, it is important to prevent thermal degradation in the filter. 
To ensure thermal stability throughout the lifetime of the light source, it is recommended that the multilayer interference 
filter (alternating layers of Ta2O5 and SiO2) temperature should be maintained below 800 °C12,15,17. In this section, we 
investigate the influence of this maximum filter temperature on the performance of the system.  
In order to estimate the filter temperature as a function of the emitter temperature and view factor, we developed a 
COMSOL model replicating our experimental setup illustrated in Figure 5(c). Solving for the maximum filter temperature 
as a function of tungsten emitter temperature and view factor, we estimated the maximum allowable view factor to maintain 
the maximum filter temperature below 800 °C. Figure 8 shows these results (red curve) plotted on top of a contour plot of 
the luminous efficiency as a function of emitter temperature and view factor. These results show that a maximum luminous 
efficiency of 4.8% can be achieved for tungsten emitter temperatures ≤ 3000 K while maintaining the maximum filter 
temperature below 800 °C. This represents only a slight improvement over a bare tungsten emitter at 3000 K, which has a 
luminous efficiency of 4.2%.  
 
Figure 8. Maximum efficiency as a function of emitter temperature when respecting the maximum filter temperature.  
 
While in theory we could achieve an efficiency of around 14% with a tungsten emitter coupled with the fabricated 
nanophotonic filter at F = 1, the high-temperature stability of the filter limits the luminous efficiency. Better thermal 
management of the filter in this current planar geometry is necessary to achieve a high efficiency and long-lasting light 
source. The use of better selective emitters which can operate efficiently at lower temperatures along with thinner fused 
silica substrates for the filter could also help decrease the absorbed radiative heat flux at the filter and increase its thermal 
stability.  
 
 
4.2 Temperature stability of the selective emitter 
As was suggested in Figure 8, higher emitter temperatures lead to higher luminous efficiencies since a greater portion of 
the blackbody spectrum is at visible wavelengths (400-700 nm). However, in practice, thermal degradation of the selective 
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emitter can also occur at high temperatures, significantly affecting the lifetime of the light source, and altering the optical 
properties of the emitter.  
In our experimentations with the HfO2 coated tungsten emitter, thermal degradation and evaporation of the thin film 
occurred at high temperatures, limiting the maximum temperature of the experiments. This thermal degradation of the thin 
film was further investigated by maintaining a HfO2 coated tungsten emitter (Figure 9(a)) at 1800 K for 24 h (Figure 9(b)) 
and then at 2850 K for 1 min (Figure 9(c)). During this test, the degradation of the HfO2 thin film was accompanied by a 
slow shift towards longer wavelengths and resulted in an increase in power consumption at constant temperature. Higher 
magnification optical images of the HfO2 surface after high-temperature exposure at 1800 K for 24 h are depicted in Figure 
9(d), which shows a granular structure on the micron length scale likely caused by a change in the HfO2 phase or by an 
increase in crystallite size. High temperature stability of the emitter is yet another challenge to achieving long-lasting and 
high performance incandescent lighting, and requires significant research and development.  
 
Figure 9. Thermal degradation of the HfO2 thin film deposited on the tungsten emitter: (a) as deposited (b) after 24 h at 1800 K (c) 
after 1 min at 2850 K. (d) Microscope images of the HfO2 thin film on a tungsten emitter after 24 h at 1800 K. Macroscopic changes 
in colors across the surface of the emitter are observed while a granular structure (micron length scale) is observed at higher 
magnifications. 
 
4.3 Evaporation of the emitter 
Beyond the thermal stability of the emitter, the evaporation of the emitter on the filter can also severely degrade the 
performance of the light source. This evaporation of the emitter can cause darkening of the optical filter, leading to a 
reduced transmittance and increased absorption resulting in lower visible light output and higher filter temperature.  
Taking a tungsten emitter as an example, it is estimated that a 67% reduction in transmittance of the filter can occur due 
to the deposition of an 8 nm thick layer of tungsten. Setting this deposition as a failure criterion, we calculate and plot in 
Figure 10 the time until this criterion is met for a range of emitter temperatures26–28. For comparison, the typical lifetime 
of ILBs and LEDs is also included. As shown in Figure 10, significant evaporation of the emitter in vacuum occurs at high 
temperatures, severely limiting the lifetime of the device down to only minutes. As is usually done in ILBs, an inert gas 
such as argon can be added to reduce the evaporation rate29,30. However, even with argon gas, Figure 10 shows that our 
current system does not last as long as a typical ILBs with similar gas and emitter material. This difference can be attributed 
to the area ratio between the emitter and the glass or filter. This area ratio is estimated to be about two orders of magnitudes 
higher in our planar configuration compared than in a traditional ILB with a small coiled-coil filament surrounded by a 
much larger bulb. This higher area ratio means that the evaporated tungsten is concentrated on a smaller area on the filter, 
leading to faster filter darkening. Due to the evaporation of the emitter and the high area ratio between the emitter and 
filter, we have shown that the lifetime of the light source can be very short for the range of temperatures of interest.  
For the planar geometry tested, evaporation of the emitter and the high area ratio between the emitter and filter limit the 
lifetime of the device due to filter darkening. Although an inert gas can help reduce the evaporation rate, its effect is limited 
at close to atmospheric pressure. In addition, the inert gas introduces an additional heat transfer pathway, which could 
cause thermal degradation of the filters. Finally, the use of other materials to improve the optical selectivity of the emitter 
will lead to even higher evaporation rates and shorter lifetimes because of higher vapor pressures than tungsten.   
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Figure 10. Estimated lifetime of our experimental planar light source based on the tungsten emitter evaporation on the filter for a 
range of emitter temperatures. Increased lifetime can be achieved by adding an inert gas such as argon. Lifetime of our planar 
system is lower than typical ILBs due to higher area ratio between the emitter and filter. While higher emitter temperatures are 
desirable to maximize the emission in the visible, evaporation of the emitter limits the maximum temperature in practice. 
 
5. CONCLUSIONS 
In summary, we studied the role of non-idealities in the optical properties of the filter and emitter as well as view factor 
between the emitter and filter on the luminous efficiency of the light source. Our modeling work suggests that at view 
factors typically observed in practice the maximum luminous efficiency is limited to below 10.1%, even with a perfect 
filter. We showed that by combining selective emitter and filter, significantly higher luminous efficiencies could be 
achieved, even with non-ideal view factors and filters. This was demonstrated using experiments which showed energy 
savings of up to 67% compared to a bare tungsten emitter. Finally, we discussed several challenges such as filter and 
emitter thermal stability and emitter evaporation that should be addressed to achieve high performance incandescent 
lighting with the current geometry and design. The development of high temperature stable thermal emitters proposed in 
this work, along with adequate thermal management of the filters, could lead to a next generation of high performance 
light sources.  
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